Environmental information is generally sent through several pathways that are parallel to the physically separated areas of the cerebral cortex, communicating with one another to produce the integration. A stereoscopic recognition is a typical example of the integration of two-dimensional (2D) images of a three-dimensional (3D) object projected in slightly different planes into a single-image having a 3D effect. Stereoscopic vision has been studied intensively at both the theoretical and computational levels [1] [2] [3] . Since stereoscopic recognition is known to exhibit a diverse and moderately complicated phenomena, which are well suited for study at the neurophysiological level, human brain mapping involved in stereoscopic recognition have been of growing interest [4] [5] [6] [7] [8] .
Abstract:
We characterized the visual pathways involved in the stereoscopic recognition of the random dot stereogram based on the binocular disparity employing a functional magnetic resonance imaging (fMRI). The V2, V3, V4, V5, intraparietal sulcus (IPS) and the superior temporal sulcus (STS) were significantly activated during the binocular stereopsis, but the inferotemporal gyrus (ITG) was not activated. Thus a human M pathway may be part of a network involved in the stereoscopic processing based on the binocular disparity. It is intriguing that areas 44 (Broca's area) and 45 in the left hemisphere were also active during the binocular stereopsis. However, it was reported that these regions were inactive during the monocular stereopsis. To separate the specific responses directly caused by the stereoscopic recognition process from the nonspecific ones caused by the memory load or the intention, we designed a novel frequency labeled tasks (FLT) sequence. The functional MRI using the FLT indicated that the activation of areas 44 and 45 is correlated with the stereoscopic recognition based on the binocular disparity but not with the intention artifacts, suggesting that areas 44 and 45 play an essential role in the binocular disparity. [Japanese Journal of Physiology, 52, 191-198, 2002] the macaque monkey [13] . These cortical areas are thought to be involved in the coding of spatial position or stereopsis, or both. However, the data on the localization of this function in humans are still less specific, and the relationships with the established visual pathways [14] have not yet been reported. Here, we first reported the human brain regions activated during stereopsy of the random dot stereogram [15] and characterized the dominant visual pathways [14] , using statistical parametric mapping (SPM) (Wellcome Department of Cognitive Neurology, Institute of Neurology, UCL, UK) of functional magnetic resonance imaging (fMRI).
One of the important methodological difficulties is the separation of the specific responses from the unexpected nonspecific ones triggered by the tasks, possibly unconsciously, such as those caused by the memory load [16] or the intention itself [17] . To overcome this, we firstly designed the task sequence termed frequency labeled tasks (FLT) (see MATERIALS AND METHODS); thereby we can separate the task-specific responses from the nonspecific ones. The main idea is the labeling of the task-specific brain responses by task-specific frequencies, which are incorporated into the task sequence, in analogy with the multidimensional heteronuclear NMR pulse sequence [18] , where each signal is labeled by the nuclear-specific resonance frequencies.
In FLT, task is labeled by the specific frequency, and brain responses caused by the task are detected by using the correlation with the same frequency. On the other hand, nonspecific responses are not specifically correlated with any task-specific frequency. This is one of the novel aspects of this report. FLT may essentially distinguish brain regions activated by the stereoscopic recognition and those activated by the artifacts.
MATERIALS AND METHODS
A Signa (GE Medical System, Horizon) imaging system equipped with a superconductive magnet operating at 1.5 T was used to perform MRI studies. Thirteen consenting normal male volunteers participated. All subjects were able to interconvert between 3D and 2D within 1 s. They were right-handed adult native Japanese males 30-45 years old. Their dextral ability was confirmed by the Edinburgh inventory [19] .
The paradigm used involved one 3D image (depth) and one 2D image (form), using two categories of stimuli. The subjects wore a blue filter over the left eye and a red one over the right during the experiment. In the 3D condition, a colored random dot stereogram (Fig. 1a) depicting a square at 100% binocular correlation was presented on the screen through a computer-controlled projector, MX-PJ1 (Minolta, Osaka, Japan), using a software Visual Basic (Microsoft, Washington, USA). The subjects could see only monochrome random dots even for a colored random dot stereogram because of filters. On the other hand, in 2D condition, monochrome random dots with the square frame (Fig. 1b) were presented. The subjects viewed a screen on which the 3D and 2D images were presented alternatively. Each session consisted of multiple 30-s epochs in a boxcar configuration.
A gradient echo planar imaging (EPI) sequence was used on a Horizon 1.5 MRI system with the following acquisition parameters: flip angle, 90°; field of view, 320 mmϫ320 mm; matrix, 128ϫ128 pixels with 14 slices; slice thickness, 8 mm; interslice gap, 3 mm; repetition time, 3 s. The spatial resolution was approximately 2.5 mmϫ2.5 mmϫ11 mm. Four hundred and twenty images were acquired during 90 s. The sessions that showed brain motion exceeding 0.6 mm were performed again to avoid so-called fictitious activation resulting from pixel misalignment. The fMRI time series data consisting of consecutive echo-planar images for each slice were analyzed by the use of the SPM96 method on software MEDx Ver. 3.3 (Sensor Systems Inc., Virginia, USA).
To increase S/N ratio, the data were smoothed with a 5ϫ5ϫ11 mm full-width-at-half-maximum Gaussian kernel, and a high-pass filter and proportional global normalization (mean: 100) were applied. A statistical analysis was performed by using a delayed (6 s) boxcar model function in the context of the general linear model used in SPM96. Specific effects were tested by applying appropriate linear contrasts to the parameter estimates for each condition, resulting in a t-statistic for each voxel. Here the t-statistics, which were transformed to Z scores, constitute an activation map. These images were interpreted by referring to the probabilistic behavior of a Gaussian field. Functional MRI results were presented with contrast between two sets of images described earlier and showed activated areas that conformed to the statistical criteria of significance (pϽ0.05, corrected by multiple comparison). The subtractive nature of the process effectively eliminated the activation areas common to the two types of visual stimuli, such as the primary visual cortex.
Reproducibility of the analyzed data was confirmed individually for each subject. The anatomic identification of activated areas was performed individually by mapping these areas onto the subject's own anatomic T 1 -weighted images obtained with identical coordinates. After identification of the neuroanatomic site of the areas of activation performed individually for each subject, the activated areas from all eight subjects were calculated by a random effect model and mapped in 3D coordinates onto the best fitted gyrus/sulcus patterns of normalized images with standard coordinates [20] .
The task sequences designed for the analysis of the stereoscopic recognition according to the FLT strategy are shown in Fig. 2a and b . The functional MRI acquisition parameters were the same as the usual fMRI experiment described above. Task A has a frequency of 0.017 Hz, and B has 0.033 Hz. Here we employed the stereoscopic recognition based on the binocular disparity and the left finger opposition for tasks A and B, respectively. The subjects were asked to conduct both tasks A and B simultaneously, according to the guidance displayed on the screen.
For the analysis, we used three kinds of correlation schemes shown in Fig. 2c -e. Correlation schemes I, II, and III were employed for discovering the responsible brain areas for the stereoscopic recognition, the finger-tapping motion, and the nonspecific responses, respectively.
It should be noted that these correlations are not mutually complementary or orthogonal, because the effect of intention may not be orthogonal to that of any specific task. However, these will tend to be independent when the number of images and the number of tasks become large, because different frequencies are independent in terms of Fourier transformation. The purpose of FLT is to introduce the task-frequency axis in the fMRI experiment to discriminate the multiple responses originated from different brain functions, which are labeled by different task frequencies.
RESULTS
The number of subjects showing the significant acti- vation in the corresponding Brodmann's area (pϽ 0.05, corrected) obtained by the fMRI single-subject analyses are summarized in Table 1 . This analysis was conducted for a comparison with the PET results [4] .
We analyzed the activation patterns of all subjects, using a random effect model. The primary advantage of this analysis is that it allows inferences to be made about humans in general [21] . Composite images of the activated areas are displayed on a 3D glass brain in Fig. 3 . Standardized coordinates of the maximum Z score in each activated area were summarized in Table  2 . Significant activation was mainly observed at dorsal V2 (V2d) and V3, V4 and V5/middle temporal (MT) [22] , superior temporal sulcus (STS) [23] , area 44 and 45 [20] .
EPI intensity changes (%) were shown as a function of time (s) in Fig. 4 . Intensities at V3 (᭺), those at Broca's area (᭹) in Fig. 4a , and those at V5 (MT) (᭺) and STS (᭹) in Fig. 4b altered quite coherently as a function of time. However, those at inferotemporal gyrus (ITG) (᭡) in Fig. 4b exhibited no significant change. (a) (c) tively. The SPM image obtained by the use of correlation I (Fig. 5a) shows the selective activation of the visual areas and Broca's area. On the other hand, the obtained image by the use of correlation II (Fig. 5b) shows the activation of the primary motor area typically observed for the finger opposition. The statistically significant regions obtained by the use of correlation III may reflex the nonspecific responses caused by tasks A and B. However, the activation of areas 44 and 45 was not detected by the use of either correlation II or correlation III (Fig. 5b and c) . Figure 6 shows the simplified diagrammatic representation of the projection of the M and P pathways to the specialized areas of the striate and prestriate visual cortex [5, 14, 22, 23] . Activated brain regions during the stereoscopic recognition based on the binocular disparity were colored gray, and nonactivated regions were colored white. It is intriguing, that IPS [5] is involved, but ITG [20] is not.
Significant differences also exist between the monocular and the binocular stereopsis, as listed in Table 3 . V3, V4, and areas 44 and 45 in the left hemisphere are not involved in monocular stereopsis [8] .
DISCUSSION
M-pathway is involved in the stereoscopic recognition. The main objective of the current study was to localize the cortical area involved in the visual perception in 3D stereopsis. The alternating 3D versus 2D visual stimuli of random-dot stereogram used in this study were selected on the basis of their purely perceptual contents, without eliciting in the viewer a potential motor action, to localize the cognitive processing of visual images having 3D properties. The areas activated by stereopsis were shown in Fig. 3 and summarized in Tables 1 and 2 . Although slight right hemisphere dominance was suggested, laterality could not be statistically confirmed in this study.
The activation of areas 18, 19, 40, 44, and 45 with right hemispheric dominance were observed in most subjects (8-13 of 13), as shown in Table 1 . Using PET, Ptito et al. [4] reported that areas 17, 18, and 45 in the right hemisphere were activated during stereopsis. Thus the results of fMRI were almost consistent with those of PET [4] . Because of the high spatial resolution and sensitivity to the transient phenomena in fMRI, we further addressed the relationships between 
* From Inui et al. [8] . the activated brain regions and the several distinct visual pathways [14] . It is known that the retina has two major classes of ganglion cells, P ␣ and P ␤ cells, which project separately to the cortex through the lateral geniculate nucleus, i.e., P ␣ cells through its magnocellular (M) layers and P ␤ cells through its parvocellular (P) layers. Figure 6 shows the simplified diagrammatic representation of the projection of the M and P pathways to the specialized areas of the striate and prestriate visual cortex [5, 14, 22, 23] . Activated brain regions during the stereoscopic recognition based on the binocular disparity were colored gray, and nonactivated regions were colored white. It is interesting that IPS [5] is involved but ITG [20] is not, indicating that the M pathway is predominantly involved in the stereoscopic recognition.
Neuroimaging studies implicate several anatomic sites in this function [4] [5] [6] [7] [8] . Gulyás et al. [5] reported that the discrimination of stereoscopic disparity information takes place in the striate cortex, the peristriate cortex, the parietal lobe, the prefrontal cortex, and the cerebellum. Orban et al. [6] reported that the human MT/V5 is involved in extracting depth from motion. Kwee et al. [7] reported that IPS is involved in the stereopsis of MR angiography. Inui et al. [8] reported the symmetrical activation of premotor and parietal areas during Necker cube perception. Our findings are basically consistent with the obtained results in this literature, but we particularly emphasize the involvement of neurons along the M-pathway with a slight right hemisphere dominance.
Inclusion of the frequency axis in the task sequence (FLT). Significant differences exist between the monocular and the binocular stereopsis, as listed in Table 3 . It is reported that V3, V4, and areas 44 and 45 in the left hemisphere were not involved in monocular stereopsis [8] . To confirm further that areas 44 and 45 are involved in stereoscopic recognition based on the binocular disparity, we applied the FLT method.
In the FLT experiments, we observed the significant activation of the areas 44 and 45 when correlation I was used (Fig. 5a ), but the activation of area 44 and 45 could not be clearly seen when correlation II or III was used (Fig. 5c ). This result indicated that areas 44 and 45 are specifically associated with the stereoscopic recognition, but not related to the finger-tapping motion or nonspecific intention artifacts.
Recently, De Fockert et al. [16] reported that the higher memory load is associated with the increased prefrontal activity, i.e., inferior frontal gyrus (area 44), the middle frontal gyrus (area 6), and the prefrontal gyrus (area 4). They also observed that a higher memory load increased the activity of the relevant brain regions.
Our results suggest that the activation of areas 44 and 45 is not relevant to so-called working memory in the utilized task sequence. This observation suggests that these areas are possibly involved in some kind of information processing, such as depth calculation employing information on the discrimination of binocular disparity, though the detailed mechanism is unknown.
As shown in Fig. 2a and b, tasks A and B are conducted simultaneously but with two different on-off frequencies. These tasks are essentially independent in the task frequency domain. The statistical tests are done on the acquired images by using the three kinds of correlations shown in Fig. 2c -e. Correlation I and correlation II are independent; correlation III is not completely independent of either of them, but reflects the common activation area caused by both tasks A and B. The effect of intention is considered to be parallel to correlation III, since the intention may not be specifically connected to task A or B, but related nonspecifically to both tasks. As demonstrated here, this FLT scheme is quite useful to separate task-specific brain responses and nonspecific ones, especially for an analysis of complex brain functions, such as stereoscopic recognition.
